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The transmembrane proteoglycan NG2 is expressed by oligodendrocyte precursor cells (OPC), which migrate to axons during develop-
mental myelination and remyelinate in the adult after migration to injured sites. Highly invasive glial tumors also express NG2. Despite
the fact thatNG2has been implicated in control ofOPCmigration, itsmodeof action remainsunknown.Here,we show in vitro and in vivo
that NG2 controls migration of OPC through the regulation of cell polarity. In stab wounds in adult mice we show that NG2 controls
orientation of OPC toward the wound. NG2 stimulates RhoA activity at the cell periphery via the MUPP1/Syx1 signaling pathway, which
favors the bipolar shape of migrating OPC and thus directional migration. Upon phosphorylation of Thr-2256, downstream signaling of
NG2switches fromRhoA toRac stimulation.This triggersprocessoutgrowth through regulatorsof front–rearpolarity andweshowusing
a phospho-mimetic form of NG2 that indeed NG2 recruits proteins of the CRB and the PAR polarity complexes to stimulate Rac activity
via the GEF Tiam1. Our findings demonstrate that NG2 is a core organizer of Rho GTPase activity and localization in the cell, which
controls OPC polarity and directional migration. This work also reveals CRB and PAR polarity complexes as new effectors of NG2
signaling in the establishment of front-rear polarity.
Introduction
During CNS development oligodendrocyte precursor cells
(OPC)migrate to axonal tracts over considerable distanceswhere
they then mature to myelinating oligodendrocytes (Sugimoto et
al., 2001; Aguirre and Gallo, 2004; Simons and Trajkovic, 2006;
Barres, 2008). Remyelination in the adult brain involves OPC
migration to lesions (Aguirre et al., 2007). OPC express the chon-
droitin sulfate proteoglycan CSPG4/NG2/MCSP, hence called
NG2, which modulates their migration (Niehaus et al., 1999;
Nishiyama et al., 2009). NG2 expression is also associated with
invasiveness in glioma and melanoma tumors (Campoli et al.,
2010). Myelination requires migration of OPC in a precise direc-
tion. As in other examples of directed migration, OPCmigration
necessitates a polarization of the cell (Benninger et al., 2007;
Biname´ et al., 2010; Hall and Lalli, 2010) whose core regulators
are Rho GTPases and polarity complex proteins (Fukata et al.,
2003; Petrie et al., 2009). Cell polarity consists in a localized and
asymmetrical distribution of signaling, adhesion molecules, and
the cytoskeleton. In migrating cells, the polarity complexes PAR
(Cdc42/Par3/Par6/aPKC) and CRB (Crumbs/Pals1/PATJ) relo-
cate to the leading front and promote front–rear polarity
(Etienne-Manneville, 2008).
Migration and process protrusion of oligodendrocyte progen-
itors involves continual remodeling of the cytoskeleton con-
trolled by Rho-family GTPases, including Cdc42, Rac, and RhoA
(Bacon et al., 2007; Bauer et al., 2009), which are activated byGTP
loading via guanine nucleotide exchange factors (GEF) (Rossman
et al., 2005). Together with Cdc42, Rac regulates actin polymer-
ization, which initiates protrusive forces (Ridley, 2001), whereas
RhoA ensures contraction of filamentous actin. The orientation
of cell migration is determined by the location and frequency of
process protrusion (Arrieumerlou and Meyer, 2005). RhoA is
thought to contribute to persistent migration by limiting the
number of cell protrusions through suppression of Rac activity
mediated by ROCK (Vega et al., 2011).
NG2 is a transmembrane proteoglycan of 2327 aa comprising
a short cytoplasmic domain of 76 aa (Stegmu¨ller et al., 2003;
Stallcup and Huang, 2008). Phosphorylation of Thr-2256 in the
cytoplasmic domain by PKC enhances cell motility (Makagian-
sar et al., 2007). The C-terminal PDZ-binding motif of NG2 has
been found associated with several PDZ proteins including
MUPP1 (Barritt et al., 2000), and NG2 influences the activity of
the Rho GTPase Cdc42 in melanoma and Rac in astrocytoma
(Eisenmann et al., 1999; Majumdar et al., 2003). This connection
to GTPases suggests that NG2may play a role in the regulation of
polarity. Indeed, NG2 controls asymmetric division of OPC
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(Sugiarto et al., 2011) and activation of NG2 in astrocytoma in-
duces a promigratory polarized shape (Stallcup and Dahlin-
Huppe, 2001).
Here we show that NG2 regulates the polarity of OPC. NG2
activates RhoA at the membrane via MUPP1 and the GEF Syx1:
this signaling pathway maintains the bipolar shape of OPC and
enhances directional migration. Alternatively, phosphorylation
of Thr-2256 modifies NG2 signaling, resulting in stimulation of
Rac activity via the polarity complex protein PATJ and the GEF
Tiam1. Whereas the stimulation of RhoA by NG2 limits protru-
sions, the switch to Rac stimulation is likely to regulatemigration
by promoting process outgrowth.
Materials andMethods
Cell culture. Oli-neu cells (Jung et al., 1995) were cultured at 37°C, with
5% CO2 and expanded in Sato medium containing 1% horse serum
(DMEM, with 0.2% (w/v) sodium bicarbonate, 0.01 mg/ml insulin, 0.01
mg/ml transferrin, 220 nM sodium selenite, 100 M putrescine, 500 nM
triiodothyronine, 520 nM thyroxine, and 200 nM progesterone). All ex-
periments were performed in Sato medium without progesterone and
without serum on surfaces coated with poly-L-lysine. As described, in
some experiments cells were incubated with basic fibroblast growth fac-
tor (bFGF) (tebu-bio). Inhibition of both ROCK1 and ROCK2 was per-
formed by simultaneous addition to the medium of two structurally
unrelated pharmacological inhibitors, 10 M Y27632 (Calbiochem) and
5 M H1152 (Calbiochem), 12 h before trypsinization and during the
course of the experiment. Oli-neu cells were treated with 1 mM dbcAMP
(Sigma) for 1 d to induce its differentiation then subjected to biochemical
analysis 1 d later. Primary oligodendrocyte cultures were prepared from
embryonic day 14–16mice as described previously (Kra¨mer et al., 1997).
RNA interference. siRNA oligos were purchased from Qiagen and
transfected into Oli-neu cells and primary oligodendrocytes in suspen-
sion with AMAXA electroporation system using protocol for primary
neural cells. The targeted sequences of mouse cDNA were as followed:
siNG2 [5-AAGTCAGCTCACTGCAGAAAA-3]; siMUPP1 [5-GCGA
AAGGCTACACATGAT-3] (Adachi et al., 2009); siPatj [5-GTGAAG
TGACCAGATCTTA-3] (Adachi et al., 2009); siSyx1 [5-CTCACTGC
CTCGGAGGTGTGA-3] (adapted from Liu and Horowitz, 2006);
siTiam1 [5-GCGAAGGAGCAGGTTTTCT-3] (Malliri et al., 2004); si-
Pals1 [5-GTTCATTGAACATGGTGAA-3] (van Rossum et al., 2006);
siPar6c [5-CCAGCGTAATAATGTGGTA-3] (Zhang and Macara,
2008); siDlg1 [5-AGGTCCTAAAGGTCTTGGG-3] (Cotter et al.,
2010); siDia1 [5-GCTGGTCAGAGCCATGGAT-3] (Goh et al., 2011);
siCrb2 [5-CTGTGAGGAGGTTCCAGAT-3] (Boroviak and Rashbass,
2011); si-PIX [5-ACCAATCTATAGGCTGACTTC-3] (Lee et al.,
2005); siPar3 [5-GACCCAGCTTTAACTGGCCTTTCCA-3] (Ishiuchi
and Takeichi, 2011); and siSyntenin [equimolar mix of 5-TACGTCAG
CATAGTACATTTA-3 and 5-CAGATTGCAGATATACTGTCA-3]
(Chatterjee et al., 2008). The nonsilencing siRNA siControl [5-AATTCT
CCGAACGTGTCACGT-3] was used as a control.
Exponentially growing Oli-neu cells were infected with the retroviral
vector pSIREN-RetroQ encoding hairpin shRNA sequences directed
against firefly luciferase (shLuc) as a control (coming from RNAi-Ready
pSIREN-RetroQ Retroviral Vector kit, Clontech) or against NG2 (the
hairpin sequences added in the vector were as followed: shNG2 forward
[5-gatccgcAAGTCAGCTCACTGCAGAAAttcaagagaTTTCTGCAGTGA
GCTGACTTgcttttttcaattg-3]; shNG2 reverse [5-aattcaattgaaaaaagcAAGT
CAGCTCACTGCAGAAAtctcttgaaTTTCTGCAGTGAGCTGACTTgcg-
3]). Stable populations were selected with 4g/ml puromycin for 3 d.
Expression vectors. NG2 expression vectors consist of a partial coding
sequence ofmouse NG2 (Stegmu¨ller et al., 2003), resulting in the expres-
sion of a deletion mutant (NG2del). NG2del consists of the signal se-
quence, one-fourth of the N-terminal extracellular portion (including
both laminin G-type motifs), the transmembrane domain, and the com-
plete intracellular region. NG2del cDNA was cloned in pIREShyg2
(Clontech) and a Flag tag was introduced at the position of the deleted
part of NG2, i.e., in the extracellular part next to the transmembrane
domain, resulting in the following protein sequence: N-terminal extra-
cellular portion (477 aa)-PAGA-Flag(DYKDDDDK)-KGGFLGFLEAN-
transmembrane and intracellular portion (101 aa). The NG2trunk
construct was generated by removing the sequence corresponding to the
three last amino acids of the PDZ-binding motif at the C-terminal end.
NG2delmutants inwhich threonine 2256was replaced by either valine
(NG2del-T2256V) or glutamic acid (NG2del-T2256E) were made using
QuikChange Site-Directed Mutagenesis kit (Stratagene) with overlap-
ping pairs of oligonucleotide primers containing appropriately altered
codons. NG2del mutants cloned in pIREShyg2 vector were transiently
transfected with FuGENEHD (Promega). To generate stable expression,
the portion of pIREShyg2 vectors containing the CMV promoter,
NG2del mutant cDNA, the hygromycin resistance gene, and the poly A
signal was subcloned in the retroviral pSIREN-RetroQ backbone. Expo-
nentially growing Oli-neu cells were infected with the retroviral vectors
and stable populations were selected with 0.3 mg/ml hygromycin for 3 d.
Antibodies. The following primary monoclonal antibodies were used:
AN2 anti-NG2 (Niehaus et al., 1999); anti-PLP (clone aa3; Yamamura et
al., 1991); anti-MUPP1, anti-Rac1, and anti-PDGFR (BD Biosciences);
anti-RhoA (Santa Cruz Biotechnology); and anti-Flag (M2; Sigma). The
following primary polyclonal antibodies were used: anti--tubulin and
anti-bFGF (Sigma); anti-syntenin (Synaptic Systems); anti-GAPDH
(Bethyl Laboratories); anti-ezrin (Millipore); anti-Syx (PLEKHG5; Pro-
teinTech Group), anti--PIX, anti-Par3, and anti-DCX (Millipore);
anti-GFP (Abcam); anti-GFAP (Dako); anti-PATJ; anti-Tiam1 (C-16);
and anti-Pals1 (H-250) antibodies (Santa Cruz Biotechnology).
Fluorochrome-labeled secondary antibodies were purchased from
Dianova.
RNAisolationandanalysis.TotalRNAwas extractedwithHighPureRNA
Isolation kit (Roche) and analyzed by semiquantitative reverse transcrip-
tion-PCR. First strand cDNA was synthetized with polydT then amplified
with Crimson TaqDNA polymerase (New England BioLabs) according to
the manufacturer’s instructions. The primers sequences used were as fol-
lowed: GAPDH-Forward [5-GCTCACTGGCATGGCCTTCCG-3];
GAPDH-Reverse [5-TGGAAGAGTGGGAGTTGCTGT-3]; Par6-For-
ward [5-TCGTCGAGGTGAAGAGCAAAT-3]; Par6-Reverse [5-AGCA
TCCGTATAGCCAAGCAG-3];Dlg1-Forward[5-GAAACGAGTGATGC
TGACCAG-3];Dlg1-Reverse [5-ACGCTTCGGTCTAGTTGTATGA-3];
Dia1-Forward [5-CGACGGCGGCAAACATAAG-3]; Dia1-Reverse [5-
TGCAGAGGAGTTTCTATGAGCA-3]; Crb2-Forward [5-CATCCCCA
CCTTCAAGTCTG-3]; Crb2-Reverse [5-CAAAGCTGAGCATCACCA
AG-3].
Western-blot analysis, immunoprecipitation, and pull-down assay.Cells
were scraped off on ice and homogenized in lysis buffer (radioimmuno-
precipitation assay buffer for Figs. 1, 3, and specific lysis buffer for im-
munoprecipitation or pull-down assay) with protease inhibitors. Cell
lysates were cleared of cellular debris and nuclei by a 10,000 g centrif-
ugation step for 2 min. Lysates were denatured with Laemmli loading
buffer containing 400 mM dithiothreitol, analyzed by SDS-PAGE and
blotted onto PVDF membranes. Blots were incubated overnight at 4°C
with primary antibodies, then incubated with horseradish peroxidase-
conjugated secondary antibodies (Dianova) and activity was visualized
by enhanced chemiluminescence (ECL).
To perform immunoprecipitation and pull-down assays on a large
number of migrating Oli-neu cells, a multiple wound procedure was
applied to scale up the number of scratch-activated cells (adapted from
Etienne-Manneville, 2006). Multiple scratches were performed in con-
fluentmonolayers of Oli-neu cells plated on 60mmdishes. Amultichan-
nel pipette with 20–200l tips was used to perform six circular scratches
and nine linear scratches across the plate, repeated six times by turning
the plate a 15° angle each time. Cells were incubated for 4 h then lysed.
Immunoprecipitation was performedwith EZview Red ANTI-FLAGM2
Affinity Gel Beads (Sigma) according to the manufacturer’s instructions.
Briefly, cells were extracted with Tris-HCl lysis buffer (50mMTris-HCl, pH
7.4, 150mMNaCl, 1nMEDTA,1%TritonX-100)andcentrifuged for10min
at 8200  g. The supernatant was incubated for 2 h with the beads. Bead
pellets were washed three times with Tris-buffered saline, resuspended in
loading buffer and analyzed by SDS-PAGE.
Pull-down assays for RhoAGTPase and Rac1 GTPase were performed
respectively with glutathione agarose bound GST-Rhotekin-RBD pro-
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tein beads and GST-PAK-PBD protein beads (Cytoskeleton) according
to protocols described previously (Vinot et al., 2008). The lysis buffer for
RhoA GTPase pull-down assay consists of 50 mM Tris, pH 7.2, 500 mM
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 10 mM MgCl2. The
lysis buffer for Rac GTPase pull-down assay consists of 25 mM HEPES,
pH 7.5, 100 mM NaCl, 1% Nonidet P-40, 10 mM MgCl2, 5% glycerol, 5
mMNaF, 1mMNaOVa. Both buffers contain 1mMphenylmethylsulfonyl
fluoride and a mixture of protease inhibitors. Briefly, cleared cell lysates
were incubated with the appropriate beads, then the beads were washed
and suspended in 5 Laemmli loading buffer. The whole-cell lysate was
also used to examine the total amount of Rho GTPase in the cells. Sam-
ples were analyzed by Western blotting with anti-RhoA and anti-Rac
antibodies. Signal intensity was quantified using ImageJ.
Sample preparation and immunofluorescent staining.Cells were fixed in
4% paraformaldehyde (PFA) for 15 min, permeabilized for 2 min in
0.1% Triton X-100 (unless nonpermeabilized cells were used, as indi-
cated), rinsed in PBS, and blocked with 1 mg/ml bovine serum albumin
(BSA). Samples were incubated with primary antibodies followed by the
appropriate fluorochrome-labeled secondary antibodies. Actin was
visualized by phalloidin-TRITC (Sigma) and nuclei were counter-
stained with Hoechst 33258 (Sigma). Mowiol mounting medium was
used (Calbiochem).
Centrosome reorientation assay. Transfected cells were plated on cov-
erslips and cultured until they reached confluence. Cell-free areas were
generated by scratching the cell monolayer with a 1000 l tip. After 0 h,
4 h, or 8 h, cells were fixed with cold methanol for 5 min, permeabilized
3minwith permeabilization buffer [20mMHEPES, pH 7.5, 50mMNaCl,
5% Triton X-100, 3 mM MgCl2, 300 mM sucrose], rinsed in PBS and
blocked with PBS 2% BSA. Nuclei were stained with Hoechst 33258 and
centrosomes with anti--tubulin. Cells were observed under the micro-
scope using a 20 objective. Reorientation was assayed in the cells lo-
cated at the wound edge and centrosome reorientation quantified as
previously described (Etienne-Manneville, 2006). Briefly, four 90° quad-
rants emanating from the center of the nucleus are generated so that the
one facing the wound has a median perpendicular to the scratch. Polar-
ized cells are defined as having their centrosome located in the quadrant
facing the wound. Randomorientation of the centrosomewith respect to
the wound edge corresponds to a value of 25%. The percentage of polar-
ized cells in each independent experiment was obtained with the average
of duplicates, analyzing 100 cells in each duplicate. Data represent the
mean SEM from three independent experiments.
Morphological analysis and cluster analysis. Stable populations of Oli-
neu cells expressing shRNA (shLuc or shNG2) or NG2del mutants
(NG2del WT, NG2del T2256V, or NG2del T2256E) were either trans-
fected with siRNA or were untransfected. Cells were trypsinized and
seeded on coverslips in medium containing 0–20 ng/ml FGF. After 6 h,
cells were fixed and stained for nuclei and actin and observed with a 40
objective formorphological analysis and a 10 objective for cluster anal-
ysis. Nuclei staining was used to identify single cells and actin staining to
outline the cell shape.
Morphological analysis was performed only with isolated cells, cell
clusters were ignored in the quantification. The types of cell morphology
were divided into six categories: cells without processes; cells with one,
two, three, and four processes; or cells with more than four processes,
branching being ignored. Cell processes were defined in a similar fashion
to neurites: thick processes emerging from the cell body, and bearing
thinner protrusions such as filopodia. Cells bearing only filopodia and/or
lamella around the cell bodywere counted as cells without processes. The
percentage of the different shapes was obtained by analyzing 80 cells in
each independent experiment.
Cluster analysis was performed by counting the percentage of cells
assuming clusters. Cells were considered in a cluster when the cell bodies
(corresponding to perikaryon) of two different cells were in contact.
When contact was only via cell processes, cells were considered isolated.
The percentage of cells in clusters was obtained by analyzing 100 cells in
each independent experiment. Data represent the mean  SEM from
three independent experiments.
Cell migration assays. Migration of Oli-neu cells was performed with
Boyden chambers (8 m pore size filter; BD Biosciences). The 2  105
cells were seeded in the upper chamber with 200 l of medium and the
chamber was placed in 24-well dishes. The bottomwell contained 600l
of medium. In chemotaxis assays, only the medium in the bottom well
contains bFGF whereas in chemokinesis assays bFGF is present on both
sides of the filter. Migration was performed at 6 h and membranes were
then fixed with 4% PFA. Non-migrated cells were removed from the top
compartment with a cotton swab. Cells that had migrated to the lower
side of the filter were stained with Hoechst 33258, photographed with an
inverted microscope, and counted. Data are expressed as a percentage of
basal migration, i.e., the migration of Oli-neu without chemoattractant.
Fluorescence resonance energy transfer experiments. Exponentially
grownOli-neu cells were infected with the retroviral vector pBabe-Puro-
RhoA Biosensor (Hodgson et al., 2010). After antibiotic selection, cells
were transfected with either the control siRNA or the siRNA directed
against NG2. One day after plating, cells were fixed with 4% PFA for 15
min, stained for NG2 without permeabilization (revealed with a Cy5-
labeled secondary antibody), and mounted with Mowiol. Samples were
imaged using a Leica TCS SP5 laser scanning confocal microscope and a
63 Plan Apochromat 1.4 NA oil objective. Cyan fluorescent protein
(CFP) was excited using the 405 nm diode. The CFP and yellow fluores-
cent protein (YFP) emission channels were narrowedwith a 460–505 nm
and a 525–600 nm bandpass filter, respectively. Pinholes were opened to
give a depth of focus of 200 nm. Scanning was performed on a line-by-
line basis with the zoom level set to 3. The gain for each channel was set to
75% of dynamic range (16 bits) and offsets set such that background
was zero. Imageswere analyzedwithMetaMorphVersion 7.7.0.0. Briefly,
images were smoothed using 3  3 median filter and background was
substracted. The fluorescence resonance energy transfer (FRET) effi-
ciency was calculated as the ratio YFP emission/CFP emission. The FRET
efficiency is displayed as a pseudocolor thermal map on which blue cor-
responds to low efficiency and red to high efficiency: higher FRET effi-
ciency corresponds to high levels of RhoA activity. The relative activity of
RhoA at the cell periphery was quantified from the FRET efficiency ratio
map. Two regions of 60 nm width were defined in the cell body (corre-
sponding to perikaryon): the cortical region, corresponding to the most
peripheral region in the cell, and the subcortical region, at a distant of 60
nm from the cortical region (see Fig. 5B). The intensity was measured
inside 60 nm diameter circles in each region. Pairs of circles were drawn
so that both were crossed in the middle by a line perpendicular with the
membrane tangent. The cortical/subcortical intensity ratio was mea-
sured with the ratio of intensities measured inside these pairs of circles
(Fig. 5B). The intensity ratio of single cells corresponds to the average of
three ratiosmeasured in randomly chosen areas. The cortical/subcortical
intensity ratio in each independent experiment was obtained from an
average ratio of 10 analyzed cells. Data represent the mean SEM from
three independent experiments.
In vivo experiments.Homozygous NG2-EYFP knock-inmice (Karram
et al., 2008) and wild-type littermates at the age of 3 months of either sex
underwent a stab wound as described previously (Dimou et al., 2008).
Briefly, a 1–1.5 mm long/0.7 mm deep stab wound was made using a
V-lancet scalpel in the right sensorimotor cortex. Brains were examined
3 d after lesion. For histological analysis, animals were anesthetized and
transcardially perfused with 4% PFA. Brains were postfixed for 20 min,
cryoprotected in 30% sucrose, and stained according to standard proto-
cols (Simon et al., 2011). The images were collected with a fluorescent
microscope (Leica DM6000) or a laser scanning confocal microscope
(Leica SP5). All animal procedures were performed in accordance with
the policies of the use of Animals andHumans inNeuroscience Research,
revised and approved by the Society of Neuroscience and the state of
Bavaria under license numbers 55.2-1-54-2531-23/04 and 55.2-1-54-
2532-171-11.
The quantification of polarized axeswas performed by analyzing in the
proximal region (50–300 m from the wound) and the distal region
(300–550 m from the wound) the shape of OPC soma stained for
PDGFR, which is expressed by OPC in both genotypes. Round or mul-
tipolar somawere counted as not polarized (round soma can correspond
to cells elongated perpendicularly to the section, i.e., parallel to the
wound). The orientation of elongated bipolar soma (with a major axis at
least twice bigger than theminor axis)wasmarkedwith a line crossing the
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OPC soma on its longest dimension. Four 90° quadrants joining in the
center of the OPC soma divide the space so that the quadrant facing
the wound is bisected by a line perpendicular to the wound. Cells are
scored with a polarized axis when the line marking their orientation is
positioned in the quadrant facing the wound. The percentage of poten-
tially polarized cells among the total population of OPC soma was ob-
tained by analyzing three distinct areas adjacent to the wound for each
animal. Data represent the mean  SEM from four mice of each
genotype.
The quantification of polarized OPC in the rostral migratory stream
(RMS) was performed by analyzing brain sagittal sections of EYFP
knock-in mice and wild-type littermates of either sex at the age of 15 d.
The analysis was identical to the stab wound analysis except that the four
90° quadrants intersecting in the center of theOPC soma divide the space
so that two opposite quadrants are bisected by a line parallel to the
orientation of the RMS. Cells are scored with a polarized axis when the
line marking their orientation is positioned in these two quadrants.
The percentage of potentially polarized cells among the total population
of OPC soma was obtained by analyzing 100 cells per slice in three dis-
tinct slices for each animal. Data represent the mean  SEM from four
mice of each genotype.
Statistical analysis. Results were obtained from at least three indepen-
dent experiments. Data are presented as mean  SEM. Comparisons
between groups were analyzed by t test. Significance was accepted for
values where *p 0.05, **p 0.01, and ***p 0.001.
Results
NG2 regulates polarized migration of OPC
Weassayed the role ofNG2 in polarity establishment duringOPC
migrationwith a centrosome reorientation assay (Fig. 1). Oli-neu
cells (Jung et al., 1995), a widely used and well characterized cell
line established in our group, were used as a model of OPC. They
were transfected with siRNA against NG2, or syntenin, an ac-
cepted regulator of polarizedmigration (Sala-Valde´s et al., 2012),
resulting in decreased expression of these proteins (Fig. 1A). Ap-
plication of a scratch in a confluent monolayer of cells induces
migration of cells toward the wound. The relocalization of the
centrosome in cells at the wound edge, shown by staining with
-tubulin, is a read-out for polarized migration (Etienne-
Manneville and Hall, 2001). Thus, polarized cells have their cen-
trosome inside a 90° quadrant facing the wound (Fig. 1B,C). At
0 h,25% of cells were polarized in all conditions, reflecting the
random orientation of centrosomes. The percentage of polarized
cells in untransfected conditions or transfected with the siRNA
control increased at 4 h and reached 40% at 8 h. In contrast, cells
with NG2 siRNA or syntenin siRNA stagnated at30% of polar-
ized cells at 4 and 8 h. The same effect was observed in primary
OPC. Whereas 40% of primary OPC transfected with the siRNA
control were polarized 4 h after the scratch,30% of cells trans-
fected with NG2 siRNA were polarized (Fig. 1D). This result
reveals that NG2 regulates the establishment of polarity in mi-
grating cells.
To analyzeOPCpolarization in vivo, wemade a stabwound in
a cortical hemisphere of adult wild-type mice (WT) and also in
mice lacking NG2 (NG2/; Karram et al., 2008). -Tubulin
staining in the wound area had a high background, making it
unsuitable for quantification of OPC polarity in vivo. We thus
used cell morphology as amarker of polarization. After 3 d,many
OPC soma near the wound had acquired an elongated shape
compatible with migration, in contrast to OPC somas observed
in the contralateral hemisphere, which exhibited a round and
multipolar shape. We identified cells with an elongated soma
whose axis was orientated toward the wound to quantify the per-
centage of cells potentially polarized toward the lesion among the
total population of OPC (Fig. 1E,F). We defined two regions: a
border zone 50–300m from the wound and a lateral zone 300–
550 m away. In the border zone of WTmice, 45% of OPC were
polarized whereas in NG2/mice only 27% of OPC were po-
larized. Inversely, in the lateral zone, 28% of WT OPC exhibited
a polarized axis in contrast to 46% of NG2/ OPC. These
results confirm that NG2 also regulates polarity of OPC in vivo
and reveal that the percentages of polarized cells in WT and
NG2/mice depend on the location in the wound.
The wound resulted in an upregulation of GFAP in astrocytes
in the border zone (Fig. 1G). We observed a gradient of bFGF
staining in the entire lesioned hemisphere with the highest levels
adjacent to the wound (Fig 1H). Reactive astrocytes have been
reported to produce bFGF and could contribute to the establish-
ment of a cytokine gradient next to the wound (do CarmoCunha
et al., 2007; Clemente et al., 2011). Indeed, staining for bFGF
demonstrated that the level of bFGF appeared twice as high in the
border zone as in the lateral zone. In the border zone, where
the concentration of bFGF is high, WT OPC polarize toward the
wound whereas OPC in NG2/ mice fail to polarize. In the
lateral zone where levels of bFGF are lower, WT OPC appear
insensitive to the bFGF signal and fail to polarize whereas OPC in
NG2/mice polarize in response to this weak stimulus. Basic
FGF is an established chemoattractant and known to promote
OPC migration (Zhang et al., 2004). These results thus suggest
that bFGF and NG2 regulate migration via common signaling
pathways and that NG2 differently regulates migration depend-
ing on the levels of cytokine.
To investigate if NG2 could regulate similarly the polarity of
OPC during development, we studied the polarization of OPC in
the RMS of P15 WT and NG2/mice (Fig. 2). Cells from the
subventricular zone migrate toward the olfactory bulb through
the RMS and OPC have been reported to migrate through this
pathway (Aguirre and Gallo, 2004). Immature neurons of the
RMSwere stainedwithDCX andOPCwith PDGFR, facilitating
their identification in both WT and NG2/mice. We quanti-
fied the percentage of polarized OPC with an elongated soma
whose axis was parallel to the RMS. However, we found no dif-
ference between WT and NG2/ mice, in each case 37% of
OPC exhibited a polarized morphology.
NG2 regulates chemotaxis, chemokinesis, and cell shape
To analyze how NG2 regulates polarity, we used transwell assays to
monitor polarized migration induced by bFGF (Fig. 3A). Che-
motaxis served as a mode of directed migration and chemokinesis
reported randommigration (seeMaterial andMethods).We estab-
lished Oli-neu cell lines stably expressing either a control shRNA
directed against luciferase (shLuc), or an shRNA directed against
NG2 (shNG2) (Fig. 3B). ShLucOli-neu cells were attracted by bFGF
at 5 and 10 ng/ml in chemotaxis experiments (Fig. 3A, left). NG2
downregulationsignificantly inhibitedbFGF-inducedchemotaxis at
5 ng/ml. We then analyzed chemokinesis in the presence of bFGF
(Fig. 3A, right). ShLucOli-neudisplayedno increasedmigrationat 5
and 10ng/ml, but at 20 ng/ml 146%of the basalmigrationwas seen.
Inversely, in shNG2 Oli-neu, chemokinesis represented 117% of
basalmigrationat5ng/mlandreached168%at10ng/ml,decreasing
to 94% at 20 ng/ml. Impairment of chemotaxis by NG2 downregu-
lation confirmed the requirement ofNG2 for polarizedmigrationof
OPC. In addition, the surprising effect of NG2 downregulation on
chemokinesis revealed that NG2 has also an inhibitory effect on
random migration, which is overcome only at high concentrations
of cytokine (20 ng/ml bFGF).
We analyzed the effect ofNG2downregulation onOli-neu cell
shape in the presence of bFGF by counting process numbers (Fig.
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Figure 1. NG2 regulates polarizedmigration of OPC.A–C, Centrosome reorientation assayswere performed on scratchedmonolayers of Oli-neu cells culturedwithout transfection or transfected
with control siRNA, siRNA directed against NG2 (siNG2), or syntenin (siSyntenin). A, The expression of NG2 and syntenin was assayed by immunoblotting, GAPDH serving as a loading control. B,
Hoechst (nuclei, blue),-tubulin (centrosome, red), and NG2 (green) staining of Oli-neu cells at the edge of thewound 4 h after the scratch. The localization of the scratch is indicated by the vertical
white line. Polarized cells (arrowheads)have their centrosome insidea90°quadrant facing thewound.C, Thepercentageofpolarized cellswasmeasured0, 4, and8hafter the scratch.D, Centrosome
reorientation assayswere performedwith primary OPC transfectedwith control siRNA or NG2 siRNA. Staining of cells at the edge of thewound (B) and quantification of polarized cellsmeasured 4 h
after the scratch are presented. E–H, Histological analysis 3 d after application of a stab wound in the cerebral cortex of adult WT and NG2/mice. E, The wound is localized at the right side of
thepictures. OPCwere stainedwithPDGFR andastrocyteswithGFAP (staining inblack). Elongated somawithpolarized axes aremarkedwith red lines (insert, left), other elongated somawithblue
lines andnonelongated somawith blue circles (insert, right).F, Quantification of the percentage of cellswith polarized axes among the total population of OPC. Statistical significancewas calculated
relative to siControl orWTmice.G, Nuclei and GFAP staining in lesioned and unlesioned hemisphere.H, bFGF staining (black) in lesioned and unlesioned hemisphere (top) and quantification of the
signal intensity (bottom).
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3C,D). Cell processes were defined as neurite-like processes
emerging from the cell body.We did not observe nuclear staining
typical of mitotic cells, excluding that the alteration of prolifera-
tion observed in OPCwith NG2 knock-down in vivo (Kucharova
and Stallcup, 2010) could indirectly affect process outgrowth
over the time of our assay. In the absence of bFGF, Oli-neu ex-
pressing either shLuc or shNG2 presented identical profiles: the
major population consisted of cells bearing two processes, repre-
senting, respectively, 32 and 28% of cells (Fig. 3Ca,Ce,D). While
bFGF treatment had no effect on the shape of shLuc Oli-neu, it
altered the morphology of shNG2 Oli-neu (Fig. 3D, right). At 5
and 10 ng/ml bFGF, the major population of shNG2 Oli-neu,
27% of the cells, consisted of cells bearing three processes (Fig.
3Cf,Cg). At 20 ng/ml, cells without processes were themost abun-
dant (38%) (Fig. 3Ch). Thus NG2 inhibits bFGF-dependent pro-
cess outgrowth. In shNG2 cells, the increased number of cell
processes at 5 and 10 ng/ml bFGF correlates with randommigra-
tion whereas the decreased number of cell processes at 20 ng/ml
bFGF correlates with loss of random migration. It is thus likely
that NG2 controls a signaling pathway regulating process out-
growth as well as migration.
NG2 constitutively activates RhoA and inhibits Rac
RhoA activity is known to limit process protrusion (Vega et al.,
2011). Using a GTPase pull-down assay, we measured a fourfold
decrease of RhoA activity in Oli-neu cells when NG2 was down-
regulated, showing that NG2 stimulates RhoA activity (Fig.
4A,B). Concomitantly, Rac activity exhibited a 2.5-fold increase
(Fig. 4C), in support of the known inhibition of Rac by RhoA
(Vega et al., 2011).
During oligodendrocyte differentiation, loss of NG2 parallels a
decrease ofRhoAactivity and an increase ofRac activity (Liang et al.,
2004). We therefore analyzed if the alteration of RhoGTPase ac-
tivity was directly related toNG2 downregulation, or was indirect
due to differentiation tomature cells. Oli-neu differentiation was
induced with dbcAMP treatment (Jung et al., 1995) and was at-
tested by PLP expression (Fig. 4D). The absence of PLP in cells
after NG2 downregulation confirmed that the alteration of
GTPase activity observed in the absence of dbcAMP was not a
consequence of differentiation.
bFGF is a potent activator of Rac (Shin et al., 2002) and Rac
stimulates bothmigration and process outgrowth (Ridley, 2001). In
conditions of adhesion similar to the ones used for the morpholog-
ical experiments and transwell assays, we observed that bFGF treat-
ment induced a higher activity of Rac in shNG2 Oli-neu than in
shLuc Oli-neu (Fig 4E, inserts and graph). This shift of Rac activity
could thus explain the effect of bFGF on shNG2 Oli-neu morphol-
ogy. Outgrowth activity was visualized by recruitment of ezrin, an
ERM family protein that links Rac activation to changes in the actin
cytoskeleton (Mackay et al., 1997;Auvinen et al., 2007;Biname´ et al.,
2008).Treatmentwith10ng/mlbFGFresulted ina strong labelingof
cell processes only in cells expressing the shRNA directed against
NG2(Fig. 4E, arrowheads), suggesting that the increasedRacactivity
stimulated by bFGF in shNG2 Oli-neu is responsible for the induc-
tion of process outgrowth. Thus NG2 activates RhoA and reduces
bFGF-induced Rac activation. In addition, all the conditions exhib-
iting a level of Rac activity higher than shLucOli-neu treatedwith 10
ng/ml bFGF (Fig 4E, graph) presented an elevated chemokinetic
response (Fig 3A; with the exception of shNG2with 20 ng/ml bFGF,
probably because process outgrowth is inhibited here), arguing for a
central role of Rac in the migration behavior observed.
ROCK inhibition reproduces the effects of NG2
downregulation on migration
RhoA limits the number of cell protrusions through ROCK-
mediated suppression of Rac activity (Vega et al., 2011). ROCK
inhibition in OPC has already been reported to induce process
protrusion (Siebert and Osterhout, 2011) but was not sufficient
to induce differentiation (Czopka et al., 2009). Similarly, we ob-
served that ROCK inhibition in Oli-neu cells induced multiple
process protrusion,with 30%of the cells bearing4 processes (F.
Binamé, unpublished observation), but without alteringNG2 ex-
pression (Fig. 4F). In bFGF-induced chemotaxis, shLuc Oli-neu
migration increased 50%over basal level (migrationwithout che-
Figure 2. Quantification of polarized OPC in the RMS during development. A, Histological analysis of the RMS of P15WT and NG2/mice.B, Analysis of OPC orientation inside the RMS (RMS
outlined with dotted green lines): elongated somawith polarized axes are marked with red lines, other elongated somawith blue lines and nonelongated somawith blue circles. C, Quantification
of the percentage of cells with polarized axes among the total population of OPC.
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moattractant) but in the presence of ROCK inhibitors migration
was reduced to 100%, similar to the results observed with
downregulation of NG2 (Fig. 4G, left). Similarly, shLuc Oli-neu
cells displayed no chemokinetic response to bFGF in the absence
of inhibitors, whereas ROCK inhibition brought their migration
to 130% of basal migration, close to the level obtained with
shNG2 cells (Fig. 4G, right).Moreover, the ROCK inhibition had
no effect onmigration of shNG2Oli-neu under these conditions.
These results support the concept that NG2 regulates bFGF-
dependent migration via the RhoA/ROCK pathway.
NG2 stimulates RhoA at the cell periphery and inhibits
clustering of OPC
RhoA is located in the cytosol and at the plasma membrane (Ad-
amson et al., 1992; Dietrich et al., 2009). Since NG2 is predomi-
nantly at the plasmamembrane, we analyzed if the stimulation of
Figure 3. NG2 regulates chemotaxis and preserves the bipolar shape of OPC in bFGF-induced migration. Oli-neu cells, stably expressing either the control (shLuc) or the NG2-directed (shNG2)
shRNA, were used for migration assays (A) and morphological analysis (C, D). A, Transfilter chemotaxis (left) and chemokinesis (right) of Oli-neu in response to bFGF. Results are expressed as a
percentage of basal migration, i.e., migration without chemoattractant. Statistical significance was calculated relative to shLuc. B, NG2 and GAPDH (loading control) expressions were assayed by
immunoblotting. C,D, Oli-neu cells expressing shLuc or shNG2were plated on coverslips and incubated for 6 hwith the indicated concentrations of bFGF, fixed, and stained for nuclei (Hoechst; blue)
and actin (phalloidin; red) formorphological analysis. C, Representative images of themajority shape of Oli-neu cells in each condition.D, Percentage of cells bearing 1, 2, 3, 4, or4 processes and
percentage of cells without processes (insert). Statistical significance was calculated between two and three processes with the same treatment and relative to 0 ng/ml bFGF for cells without
processes (insert). Data represent the mean SEM from four independent experiments.
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RhoAbyNG2was achieved at the cell periphery rather than in the
cytosol. Oli-neu cells stably expressing a RhoA biosensor
(Hodgson et al., 2010) were transfected with either a siRNA
control or a siRNA directed against NG2. In cells with control
siRNA, the FRET map revealed a 60–80 nm region of RhoA
activity outlining the cell periphery, which was higher than the
activity measured in the cell body center (Fig. 5A). When NG2
was downregulated, RhoA activity still appeared higher at the
periphery but this difference was reduced (Fig. 5A). The ratio
of the relative cortical/subcortical intensity of RhoA activity
showed that RhoA activity was 3.3-fold higher at the cell cor-
tex than in subcortical region in control cells, whereas after
NG2 downregulation it was only 1.5-fold higher at the cell
cortex (Fig. 5B). Thus, NG2 appears to stimulate RhoA selec-
tively in the cell periphery.
The activity of the RhoA/ROCK pathway at the contact area
between two cells has been shown to control contact inhibition of
locomotion (CIL), a phenomenon that initiates a change in mi-
gration direction when two cells contact one another (Carmona-
Fontaine et al., 2008). Oli-neu cells in culture grow as isolated
cells in contrast to epithelial cells, which grow in islets. We pos-
tulated that NG2-dependent RhoA activity at the cell periphery
could be responsible for cell spacing via a CIL-related phenome-
non. In Oli-neu cells expressing the shRNA control,20% of the
populationwere in clusters, independent of the presence of bFGF
in themedium (Fig 5C). ShNG2Oli-neu had, respectively, 34 and
40% of cells in clusters without or with bFGF. With ROCK inhi-
bition,50% of the cells were in clusters, confirming the role of
the RhoA/ROCK pathway in cluster inhibition. These results
demonstrate that NG2 inhibits OPC clustering, in accordance
with its stimulation of the RhoA/ROCK pathway at the cell pe-
riphery. As in CIL, control cells exhibited a strong RhoA activity
at the contact between two cells (Fig. 5D). On the contrary, cells
with NG2 downregulation exhibited no increase of RhoA activity
at the cell–cell contact site, which would explain their propensity
to form clusters.
Figure4. NG2 regulatesmigrationofOPCby stimulatingRhoAactivity.A–D, RhoGTPase activitywas assayedbyGTPasepull-downassays inmigratingOli-neu cells transfectedwith control siRNA
or siRNA directed against NG2. A, B, Western blot analysis (A) and quantification of RhoA GTP/RhoA total ratio (B). C, Quantification of Rac activity. D, Oli-neu cells, either grown normally or
differentiated with dbcAMP, were used to visualize Rac activity by immunoblotting. PLP was used as a differentiation marker. E–G, Oli-neu cells, stably expressing either the control (shLuc) or the
NG2-directed (shNG2) shRNA, were used for immunofluorescence staining, biochemical analysis, andmigration assays. E, Cells were plated on coverslips and treated 4 h with 10 ng/ml bFGF, then
fixed and stained for nuclei, actin, and ezrin. E, inserts and graph, Rac activitywas assayed by GTPase pull-down assays in cells treated 3 hwith the indicated concentration of bFGF immediately after
plating. F, Cells were plated on coverslips and treated 6 hwith ROCK inhibitors, then fixed and stained for nuclei, actin, and NG2.G, Transfilter chemotaxis (left) and chemokinesis (right) in response
to bFGF with or without ROCK inhibitors. Data represent the mean SEM from three independent experiments (n.s., nonsignificant).
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NG2 activates RhoA through MUPP1/Syx1
We analyzed a potential role of the polarity complex proteins
MUPP1, PATJ, and the GEF Syx1 (Liu and Horowitz, 2006) in
NG2 signaling. We transfected Oli-neu cells, either expressing
shLuc or shNG2, with specific siRNAs directed against the above
proteins, incubated them with 10 ng/ml FGF, and analyzed their
shape (Fig. 6A). The efficiency of the siRNAs was validated by
immunoblotting (Fig. 6B).
Oli-neu cells transfected with the siRNA control served as a
reference. As previously reported, bFGF treatment did not affect
the shape of shLuc Oli-neu with siControl (Fig. 6A, top right)
while it changed the shape of shNG2 Oli-neu, switching the bi-
polar shape to three processes (Fig. 6A, bottom right). In the
presence of bFGF, 40% of shLuc Oli-neu were bipolar whereas in
shNG2 Oli-neu only 20% of cells had a bipolar shape. Thus, half
of the bipolar cells became multipolar and hence unpolarized in
this condition, supporting the role of NG2 in cell polarity. The
dominant shape of shLuc Oli-neu treated with bFGF switched to
cells with three processes whenMUPP1 or Syx1 were downregu-
lated, whereas downregulation of PATJ (Fig. 6A, top right) had
no effect. Moreover, no morphological modification was ob-
servedwith any siRNA in the absence of bFGF, indicating that the
observed results were specific for bFGF treatment (Fig. 6A, left).
In shNG2 Oli-neu treated with bFGF, in all conditions the dom-
inant shape consisted of cells with three processes, even with
siMUPP1 or siSyx1, suggesting that MUPP1 and Syx1 are affect-
ing the same signaling pathway as NG2. Downregulation of the
GEF -PIX abolished the effect of bFGF on shNG2Oli-neumor-
phology (Fig. 6C), in accordance with the role of -PIX in bFGF-
stimulated neurite outgrowth (Shin et al., 2002).
Since MUPP1 and Syx1 modulated cell morphology in a sim-
ilar way to NG2, we postulated that they could trigger NG2-
dependent stimulation of RhoA activity. GTPase pull-down
assays suggested that downregulation of MUPP1 or Syx1 leads to
decreasedRhoA activity similar to that seenwithNG2downregu-
lation (Fig. 6D).
We transfectedOli-neu cells withNG2 Flag-tagged expression
vectors and precipitated NG2 constructs with anti-Flag antibod-
ies, a NG2del WT construct without Flag but with a myc tag
serving as a negative control (Fig. 6E).Three-fourths of the extra-
cellular domain of NG2 is missing in NG2del and NG2trunk
constructs and the PDZ-binding motif is deleted in NG2trunk.
Two bands reacted with the Flag antibody: the higher band cor-
responding to the expected size of 65 kDa and the lower to a
cleaved formof 55 kDa.On the basis of the predicted extracellular
juxtamembrane cleavage site in NG2 (Nishiyama et al., 1995;
Stallcup and Huang, 2008), we concluded that the small band
corresponds to the Flag-tagged extracellular domain of NG2del.
Figure 5. NG2 stimulates RhoA at the cell periphery and inhibits clustering of OPC. A,B,D, Oli-neu cells, stably expressing the pBabe-Puro-RhoA Biosensor, were either transfectedwith siControl
or siNG2 and used for FRET analysis of RhoA activity. A, Single cell pictures of phase contrast (left), NG2 immunostaining (middle), and FRET analyzed by confocal microscopy. Inserts show an
enlargementof FRET images. FRETefficiency is displayedasa thermalmapso that “cold” and“warm”colors represent regionsof lowandhighactivity, respectively (scale atbottom).B, Quantification
of the relative cortical/subcortical intensity ratio of RhoA activity in the cell body (regions depicted in the enlargement of thewhite square, top). C, Percentage of shLuc and shNG2 Oli-neu in cluster
6 h after plating and treatmentwith bFGF and/or ROCK inhibitors.D, NG2 immunostainingwithout permeabilization (cell outline shownwith a dotted line) and FRET images of pairs of Oli-neu cells
in contact. Cells transfected with siControl exhibit a strong RhoA activity at the cell contact area (arrowhead).
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Figure 6. NG2 activates RhoA through MUPP1/Syx1. A, Oli-neu cells, stably expressing shLuc (top) or shNG2 (bottom), were transfected with indicated siRNA, plated on coverslips 6 h without
bFGF (left) or in presence of 10 ng/ml bFGF (right), then used formorphological analysis. The percentage of cells bearing 1, 2, 3, 4, or4 processes was calculated. Data represent themean SEM
from four independent experiments. Statistical significance was calculated relative to siControl. B, The downregulation of NG2, MUPP1, Syx1, and PATJ proteins in Oli-neu cells was controlled by
immunoblotting. C, ShNG2 Oli-neu transfected with siRNA against-PIX were plated on coverslips 6 h in presence of 10 ng/ml bFGF and used for morphological (Figure legend continues.)
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The PDZ-bindingmotif deletion of NG2trunkWT increased this
cleavage, possibly due to its implication in NG2 stability, which
made interaction studies difficult. After immunoprecipitation of
NG2del WT Flag, the Syx signal was stronger than the back-
ground observed in the negative control andwithNG2trunkWT.
With the phosphomimetic NG2del-T2256E Flag, the Syx signal
appeared stronger than in the negative control but weaker than
with NG2del WT. These results suggest that Syx may coimmu-
noprecipitate preferentially with NG2 when Thr-2256 is not
phosphorylated.
The phosphorylation of NG2 at Thr-2256 stimulates Rac,
process outgrowth, and migration
The Thr-2256-phosphorylated form of NG2 was localized in la-
mellipodia and stimulated migration (Makagiansar et al., 2004,
2007), processes known to be regulated by Rac. We thus postu-
lated that phosphorylation of Thr-2256 would change down-
stream signaling ofNG2 and could be responsible for stimulation
of Rac activity. We thus used the NG2del-T2256E construct,
whichmimics threonine phosphorylation by glutamate substitu-
tion. NG2del WT and NG2del-T2256V, with a valine substitu-
tion that cannot be phosphorylated, served as negative controls.
In a Rac GTPase pull down, Oli-neu cells constitutively express-
ing NG2del-T2256E showed a clear increase of Rac activity com-
pared with NG2del WT and NG2del-T2256V (Fig. 7A). With all
three constructs ezrin staining was observed in the cell body (Fig.
7B). However, while the total amount of ezrin revealed by immu-
noblotting was similar with the three constructs (Fig. 7A), cells
expressing NG2del-T2256E exhibited a stronger ezrin staining in
their processes independent of the number of cell processes. To
study whether the localization of the NG2 phosphomutant in
OPC was different from the nonphosphorylated form we per-
formed immunostainings against the Flag-tag of theNG2del con-
structs. NG2delWTwas localized at themembrane all around the
cell body and in the cell processes similar to endogenous NG2
(Figs. 5A, 7C). On the contrary, NG2del-T2256E was preferen-
tially localized in the cell processes. In primary OPC transfected
with NG2del constructs, similar results were observed (Fig. 7D).
Indeed NG2delWTwas localized in the cell body as well as in the
processes whereas NG2del-T2256E preferentially localized in the
cell processes. Moreover, in addition to staining inside the cell
body, ezrin staining was observed preferentially in cell processes
containing NG2del-T2256E. These results argue for a recruit-
ment of ezrin by the NG2 phosphomutant in cell processes.
We analyzed the effect of the NG2del constructs on Oli-neu
migration in transwell assays (Fig. 7E). No significant differences
in bFGF-dependent chemotaxis were observed between cells ex-
pressing the different NG2 constructs (Fig. 7E, left). However, we
observed a strong effect of NG2del-T2256E on bFGF-dependent
chemokinesis, where randomcellmigration increased to 182%of
basal levels (Fig. 7E, right). The localization as well as the effect of
NG2del-T2256E on Rac and ezrin suggested a process outgrowth
promoting activity. Cells expressing NG2del WT and NG2del
T2256V were bipolar as a majority shape, independent of the
presence of bFGF (Fig. 7B,F). On the contrary, Oli-neu cells
expressing NG2del-T2256E exhibited amore flattened profile. In
comparison with the NG2del WT profile, we found significantly
less cells with two processes and more cells with 4 processes
independent of bFGF treatment (Fig. 7B,F). The multipolar
shape induced by NG2del-T2256E favors random migration,
thus explaining the enhancement of chemokinesis rather than
chemotaxis induced by this construct. Importantly, it appears
that phosphorylation of NG2 on Thr-2256 induces process out-
growth independent of bFGF treatment.
NG2 activates Rac through recruitment of polarity
complex proteins
We subsequently looked for transducers of NG2del-T2256E sig-
naling, postulating that their downregulation (Fig. 8A–D) would
abolish the effect of the NG2 mutant on the cell shape. We per-
formedmorphological analysis onOli-neu cells stably expressing
NG2del-T2256E and transfected with siRNA directed against po-
tential targets (Fig. 8A–C). The profile of the cells transfectedwith
the siRNA control, with 25–27% of bipolar cells and 15–16% of
cells with4 processes, served as a reference. Downregulation of
PATJ and Pals1, two components of the CRB polarity complex,
restored the usual Oli-neu bipolar morphology: significantly
more cells had two processes and fewer cells had 4 processes
(Fig. 8A, left). Downregulation of Par3, a protein of the PAR
polarity complex, gave identical results (Fig. 8A, right). Then, we
studied the role of two GEFs stimulating Rac: -PIX and Tiam1,
which is recruited by the PAR complex and is known to regulate
neurite outgrowth (Matsuo et al., 2003; Nishimura et al., 2005).
Downregulation of -PIX had no effect on cell morphology
whereas downregulation of Tiam1 abolished the effect of
NG2del-T2256E observed with the siRNA control, the cell pop-
ulation with two processes increasing and the one with4 pro-
cesses decreasing (Fig 8A, right).
Downregulation of Dlg1, a component of the SCRIB polarity
complex, had no effect on cell morphology whereas the down-
regulation of other components of the CRB and PAR complexes
(Crb2 and Par6, respectively) restored the bipolarmorphology of
Oli-neu, confirming that these polarity complexeswere necessary
to mediate the effect of the NG2 phosphomutant (Fig. 8B). Ad-
ditionally, we tested the effect of MUPP1 and Syx1 downregula-
tion, both implied in RhoA activation, on the morphology
changes induced byNG2del-T2256E.Unexpectedly,MUPP1 and
Syx1 downregulation abolished the effect of NG2del-T2256E, re-
storing the bipolar shape as a majority shape (Fig. 8C). Down-
regulation of the RhoA effector Dia1 had the same effect,
indicating that the RhoA signaling pathway collaborates with the
polarity complexes to induce process outgrowth (Fig. 8B).
Since Rac stimulation via the polarity complex proteins could
explain the process outgrowth induced by NG2del-T2256E, we
measured by GTPase pull down the modulation of Rac activity
(Fig. 8D,E) associated with downregulation of Tiam1, PATJ, and
MUPP1. When transfected with siRNA control, cells expressing
the NG2 phosphomutant displayed a strong Rac activity as pre-
viously shown. In contrast, Rac activity of cells expressing
NG2del WT was 2.5 times lower. In cells expressing NG2del-
T2256E, downregulation of Tiam1 and PATJ reduced Rac activ-
ity to the level observed in cells expressing NG2del WT. NG2del
WTOli-neu transfected with siTiam1 showed no decrease of Rac
activity compared with the same cells transfected with siRNA
control, confirming that the effect of Tiam1 was specific for
NG2del-T2256E. The fact thatMUPP1 had no effect on NG2del-
T2256E-dependent Rac activation (Fig. 8E) was consistent with
our results restricting its action to RhoA stimulation.
4
(Figure legend continued.) analysis.-PIX and GAPDH expressions were assayed by immu-
noblotting (insert). D, RhoA activity was assayed by GTPase pull-down assay in migrating Oli-
neu cells transfected with indicated siRNA. E, Migrating Oli-neu cells transfected with the
indicated NG2 Flag- and Myc-tagged constructs were used to perform immunoprecipitations
with anti-Flag beads. * indicates the cleaved form of NG2 protein.
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We transfected Oli-neu cells with the Flag-tagged constructs
NG2delWT andNG2del-T2256E and immunoprecipitated these
constructs with beads bearing anti-Flag antibodies (Fig. 8F). In
cells expressing the phosphomutant of NG2,more Pals1 was pre-
cipitated than in cells without transfection or expressing NG2del
WT, pointing to the recruitment of Pals1 in a protein complex
associated with the phosphorylated form ofNG2. This result cor-
roborates the requirement of PATJ and Pals1 to trigger the effect
of the NG2 phosphomutant and introduces the CRB polarity
complex as a new component of NG2 signaling.
Discussion
NG2 regulates polarized migration of OPC through activation
of the RhoA/ROCK pathway
Here we demonstrate that NG2 controls polarity in OPC since
NG2 downregulation prevented centrosome relocalization to-
ward the leading edge, a characteristic of the front–rear polarity
established during directional migration. NG2 downregulation
also impaired bFGF-dependent chemotaxis, a behavior charac-
terized by directional migration. ROCK inhibition reproduced
the effect of NG2 downregulation: it inhibited chemotaxis and
stimulated chemokinesis at 10 ng/ml bFGF. Moreover, ROCK
inhibition had no effect on migration of shNG2 Oli-neu. These
results suggest that the regulation of bFGF-dependent migration
byNG2 ismainlymediated by ROCK. Therefore, the constitutive
stimulation of RhoA activity by NG2 appears to favor polarized
migration of OPC.
NG2modulates the response of OPC to bFGF by
inhibiting Rac
Rho GTPases are essential to establish the rear–front polarity of
migrating cells (Etienne-Manneville and Hall, 2001). The asym-
Figure7. ThephosphorylationofNG2atThr-2256stimulatesRac,processoutgrowth,andmigration.Oli-neucells, stablyexpressingNG2delWT,NG2del-T2256V,orNG2del-T2256E,wereusedtoassayRac
GTPaseactivity (A), formigrationassays (E), and formorphological analysis (F).A,MigratingcellswereusedtovisualizeRacactivityby immunoblotting.NG2,ezrin, andGAPDHexpressionsare shown.B,C, Cells
were plated on coverslips, fixed 6 h later, and stained for nuclei (Hoechst; blue), actin (phalloidin; red), ezrin (green) (B), and NG2del Flag tag (green) (C). D, Primary OPC transfected with indicated NG2del-
constructswerestainedforezrin,nuclei,andNG2delFlagtag.E, Transfilter chemotaxis (left)andchemokinesis (right)ofOli-neu inresponsetobFGF.Resultsareexpressedasapercentageofbasalmigration, i.e.,
themigrationofOli-neuwithout chemoattractant.F, Cellswereplatedoncoverslips 6hwithoutbFGF (left) or inpresenceof 10ng/mlbFGF (right), thenused formorphological analysis. Thepercentageof cells
bearing 1, 2, 3, 4, or4processeswas calculated. Data represent themean SEM from four independent experiments. Statistical significancewas calculated relative toNG2delWT.
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metry observed in directional migration is characterized by a segre-
gation of signaling pathways having opposing effects on protrusive
forces. Thus the leading edge andmore generally process formation
reliesonRacactivity,whichpromotes actinpolymerization,whereas
the rear of the cell is characterized by RhoA activity inhibiting pro-
trusive forces via the ROCK pathway. We demonstrated that NG2
constitutively activates RhoA in OPC and leads to Rac inhibition,
most likely via the RhoA/ROCK pathway (Yamaguchi et al., 2001).
The release of this inhibition when NG2 is downregulated would
thus explain the stronger activation of Rac induced by bFGF treat-
ment, resulting in increasedmembrane activity revealed by the pres-
ence of ezrin in the cell processes.
WhilemostOli-neu cells are bipolar in the conditions studied,
bFGF treatment of shNG2 Oli-neu modified the number of cell
Figure 8. NG2 activates Rac through polarity complex proteins. A–C, Oli-neu cells, stably expressing NG2del-T2256E, were transfected with indicated siRNA, plated on coverslips 6 h without
bFGF, and used formorphological analysis. The percentage of cells bearing 1, 2, 3, 4, or4 processeswas calculated.A, inserts,Western blot analysis of Pals1, NG2del (anti-Flag) (left),-PIX, Par3
(right), and GAPDH.B, insert, Expression of indicatedmRNA, GAPDHbeing used as a control.D, E, Migrating Oli-neu cells, stably expressing either NG2delWT or NG2del T2256E and transfectedwith
indicated siRNA, were used for Rac GTPase pull down. Western blot analysis of Tiam1, PATJ, MUPP1, GAPDH, and Rac (D) and quantification of Rac GTP/Rac total ratio (E). F, Migrating Oli-neu cells
without transfection, transfectedwith Flag-tagged NG2delWT or NG2del T2256E constructs, were used to perform immunoprecipitations with anti-Flag beads. * indicates the cleaved form of NG2
protein. Data represent themean SEM from four independent experiments. Statistical significancewas calculated relative to Oli-neu cells stably expressing NG2del-T2256E and transfectedwith
siControl.
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processes, correlating with its effect on chemokinesis. At 5 and 10
ng/ml, when cells bearing three processes are the major popula-
tion, bFGF increased random migration, whereas at 20 ng/ml,
when cells bear no processes, bFGF no longer promoted random
migration. These results correspond to the known effect of Rac
activity on cellular morphology and motility: low Rac activity
favors bipolar shape and high migration persistence; higher Rac
activity increases the number of process
protrusions and favors random migra-
tion; very high levels of activated Rac in-
duces the formation of a lamellae all
around the cell, which inhibits migration
(Pankov et al., 2005). Since bipolar mor-
phology is optimal for directional migra-
tion, the switch to processes slows down
migration toward the chemoattractant
and would participate in the decrease
of chemotaxis to bFGF associated with
NG2 downregulation.
Gliosis and production of bFGF are
observed in inflammatory lesions such
as in multiple sclerosis or lesions such as
stab wounds (do Carmo Cunha et al.,
2007; Clemente et al., 2011; Robel et al.,
2011). We observed a gradient of bFGF
in the lesioned hemisphere of adult
mice, with the highest concentration in
the border zone adjacent to the stab
wound. The higher degree of polariza-
tion of OPC in WT mice compared with
NG2/mice in the border zone, con-
taining abundant bFGF, is consistent
with the ability of NG2 to maintain Oli-
neu polarity in high bFGF concentra-
tions. An environment saturated with
bFGF favors random migration as it at-
tracts cells in many directions. In such
conditions, NG2 would promote direc-
tional migration necessary for OPC to
reach the center of the wound. We have
shown that the same concentration of
bFGF induces a stronger Rac activity in
cells with NG2 downregulation. Since
NG2 downregulation lowers the thresh-
old of bFGF necessary for Rac activation,
it would explain why NG2/ OPC ap-
pear attracted toward the wound in the
lateral zone where bFGF levels are lower.
Therefore, the low concentration of bFGF
would stimulate Rac activity in NG2/
OPC to a level suitable for chemotaxis,
whereas in WTmice OPC do not polarize
as these bFGF levels are insufficient to
stimulate Rac activity to levels that pro-
mote migration. An increased number of
OPC in the border zone of stab wounds
has been reported and linked to the con-
trol of proliferation by NG2 (Alonso,
2005; Kucharova et al., 2011). Our results
suggest that NG2 could also play a role in
this increase by restricting OPC recruit-
ment to the environment close to the le-
sion. In contrast to wounds, NG2 ablation
results in only discreet effects during development, thus explain-
ing the paucity of publications reporting consequences of NG2
ablation on migration in vivo. A delayed expansion of OPC was
observed in the early postnatal development of NG2 knock-out
mice (Kucharova and Stallcup, 2010). Indeed, we found no effect
of NG2 depletion on the percentage of polarizedOPC in the RMS
of p15 mice.
Figure 9. Model of NG2 regulation of Rho GTPases. Signaling pathways regulated by NG2 (A) and their impact on process
outgrowth (B). In its basal state, NG2 interacts with MUPP1 via its PDZ-binding motif and recruits the GEF Syx1, which stimulates
RhoA activity and the effectors ROCK1/2 and Dia1.a, ROCK 1 and/or ROCK 2 regulate cell spacing; ROCK 2 inhibits Rac activation. As
a consequence, NG2-dependent RhoA activity inhibits process outgrowth stimulation by bFGF. b, RhoA-activated Dia1 initiates
process outgrowthdependentonNG2phosphorylationand regulatespolarization. c, PhosphorylationofNG2onThr-2256byPKC
switches its downstream signaling pathways. The close similarity between PATJ and its ortholog MUPP1 (Adachi et al., 2009),
known to interact with NG2 (Barritt et al., 2000), suggests that PATJ could interact with the phosphorylated form of NG2. PATJ
binds to Pals1 (Roh et al., 2002): in OPC NG2 could thus associate with the CRB complex via these proteins. The CRB complex
interacts with the PAR complex (Lemmers et al., 2004; Shin et al., 2007) and stimulates Rac activity via the GEF Tiam1(Nishimura
et al., 2005; Iden and Collard, 2008). Thus NG2-dependent Rac activity regulates process outgrowth and polarization. Proteins and
signaling pathways, which were not analyzed in the present study, are drawn with dotted lines.
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NG2 promotes constitutive RhoA activity at the cell cortex via
the MUPP1/Syx1 complex
Our results demonstrate that NG2 promotes constitutive RhoA
activity at the cell periphery in a layer 60–80 nm thick. The cor-
tical/subcortical intensity ratio measured in Oli-neu cells trans-
fected with siRNA control was twice the ratio measured in cells
with NG2 downregulation. This effect of NG2 is probably re-
sponsible for the ROCK-dependent inhibition of clustering of
OPC.
Upstream regulators of RhoA such as Fyn kinase have been
shown to induce process extension and morphological differen-
tiation in OPC by inhibiting RhoA (Liang et al., 2004). In con-
trast, NG2maintains the undifferentiated shape of OPC by RhoA
stimulation. This role can be compared with the regulation of
neurite outgrowth by RhoGTPases. RhoA inhibition or expres-
sion of a dominant-negative form of RhoA enhances the stimu-
lation of neurite outgrowth by NGF and dbcAMP, whereas
stimulation of RhoA by LPA or expression of an active form of
RhoA inhibits such neurite outgrowth (Sebo¨k et al., 1999; Jeon et
al., 2012). These effects of RhoA rely on the inhibition of Rac
mediated by ROCK (Yamaguchi et al., 2001). It was further dem-
onstrated that neurite retraction upon LPA addition requires
membrane localization of RhoA (Kranenburg et al., 1997). The
stimulation of the RhoA/ROCK pathway by NG2 at the cell pe-
riphery of OPCmay thus generate an inhibitory effect on process
protrusion. Release of this regulation results in increased activa-
tion of Rac following bFGF treatment, yielding multipolar OPC
rather than bipolar cells. In the absence of bFGF, impairment of
NG2 signaling does not seem to affect cell morphology but it
disturbs polarity establishment in migration, as is seen in centro-
some reorientation assays. The effect of the impairment of NG2/
RhoA signaling pathway in OPC could be similar to the way that
RhoA downregulation disrupts T-cell polarity by preventing
leading edge formation and affecting localization of polarity
markers (Heasman et al., 2010).
Downregulation of the PDZ protein MUPP1 and its associated
GEF Syx1 had similar effects on the morphology of Oli-neu treated
with 10 ng/ml bFGF to NG2 downregulation: the dominant popu-
lation switched from cells bearing two to cells bearing three
processes.Moreover, as forNG2, bothMUPP1andSyx1downregu-
lation seemed to decrease RhoA activity fitting with their reported
associated role in RhoA regulation (Este´vez et al., 2008; Ernkvist et
al., 2009; Lin et al., 2012). The interaction of NG2 with MUPP1
(Barritt et al., 2000) and the coimmunoprecipitation of Syx1 with
NG2 lead us to propose thatNG2 stimulates RhoA through interac-
tion with theMUPP1/Syx1 complex (Fig. 9).
The Thr-2256-phosphorylated form of NG2 activates Rac via
the CRB and PAR polarity complexes
GTPase pull down demonstrated that the mutant NG2del-
T2256E (mimicking threonine phosphorylation) stimulates Rac
activity. As suggested by the recruitment of ezrin in processes, the
NG2 phosphomutant was able to stimulate process outgrowth
without addition of growth factors such as bFGF. Indeed,50%
of the Oli-neu cells expressing this construct exhibited at least
three processes. This multiprocess shape could thus explain the
effect of NG2del-T2256E in increasing bFGF-dependent chemo-
kinesis. In our experiments this morphology resulted from an
overexpression of the NG2 phosphomutant. In vivo, phosphory-
lation of NG2 may well result in a lower level of activated Rac
asymmetrically localized according to local stimuli. Balanced sig-
naling may thus regulate front–rear polarity by promoting for-
mation of the leading edge of the cell.
We have shown that downregulation of components of the CRB
andPARpolarity complexes aswell asTiam1wereable tocounteract
the effect of the NG2 phospho-mimetic construct on cell shape,
returning Oli-neu cells to a bipolar shape. We confirmed with
GTPase pull downs that PATJ and theGEFTiam1were transducing
the activationofRacbyNG2. Finally, the coimmunoprecipitationof
Pals1 with NG2del-T2256E suggests that specifically the phosphor-
ylated formofNG2 interactswith theCRBcomplex.These leadus to
propose a novel model describing howNG2 activates Rac (Fig. 9Ac,
Bc). Initially, PKC phosphorylates Thr-2256 in the cytoplasmic
domain of NG2 (Makagiansar et al., 2004). Phosphorylated NG2
interacts with the CRB complex, which recruits the PAR/Tiam1
complex and stimulates process outgrowth via Rac activation. This
signaling pathway will induce the formation of a leading front to
orientate cell migration.
Surprisingly, MUPP1, Syx1, and Dia1 downregulation abol-
ished the effect of NG2del-T2256E onOli-neu cell shape, but this
effect was independent of Rac. It is established that RhoA orches-
trates the initial events of membrane protrusion, preceding
Cdc42 and Rac1 action (Kurokawa et al., 2005; Pertz et al., 2006;
Machacek et al., 2009), and RhoA could initiate membrane ruf-
fling via its effector Dia1 (Kurokawa and Matsuda, 2005). The
Thr-2256 phosphorylated form of NG2 would thus cooperate
with an initial activation of RhoA and Dia1 by the nonphospho-
rylated form of NG2 to promote process protrusion (Fig. 9Ab,
Bb). However, we found this putative initiator role only in coop-
eration with the phosphorylated form of NG2, whereas bFGF
does not need NG2 to stimulate process outgrowth, arguing for
the specific role of the nonphosphorylated form of NG2 in pro-
cess outgrowth initiation.
Our work reveals that NG2 is a core organizer of the activity
and localization of Rho GTPases in the cell. It elucidates how
NG2 regulates migration of OPC and aids in understanding how
NG2 stimulates invasiveness of glioma and melanoma tumors.
The recruitment of polarity complex proteins by NG2 may also
contribute to the control of asymmetric segregation of EGFR by
NG2 during OPC mitosis (Sugiarto et al., 2011).
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